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ABSTRACT 

The inf low and near - f ie ld  of a j e t  which is  exc i t ed  by an a x i a l  mass 

source loca ted  i n  t h e  p o t e n t i a l  core  are simulated numerically.  The simu- 

l a t i o n  t akes  i n t o  account t h e  spreading of t h e  j e t .  Comparison is  made 

wi th  experimental  r e s u l t s  f o r  both exc i ted  and unexcited je ts .  

shown t h a t  many of t he  f e a t u r e s  observed experimental ly  are due t o  t h e  

i n s t a b i l i t y  of t h e  mean p r o f i l e  ( i .e.  t h e  l a r g e  scale s t r u c t u r e s )  and not  

due t o  t h e  turbulence.  This i n s t a b i l i t y  i s  shown t o  genera te  low frequency 

sound. The terms i d e n t i f i e d  by Ribner as t h e  shear  no i se  terms are shown 

t o  be respons ib le  f o r  t h i s  sound generation. 
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I. Introduction 

This paper is concerned with the effect of a jet flow on an embedded 

acoustic source. 

Euler equations linearized about a realistic, spreading axisymmetric jet. 

The source is modelled by a mass source located along the axis of the jet 

and downstream of the jet exit. 

behavior 

It is primarily a numerical investigation of the full 

The source is assumed to have a pulse-like 

in time so that a broadband frequency spectrum can be investigated. 

The numerical simulation is computed in a computational domain which 

includes both the in-flow, near and far-fields. It is thus possible to 

compute both in-flow instabilities and far-field sound and to study the 

interaction between them. The simulation has no mechanism to resolve the 

fine grained turbulence. 

In a previous paper the far-field sound was studied. It was shown 

both experimentally and numerically that an acoustic source placed in a 

jet had an increase in power output due to the flow. This paper is con- 

cerned with an investigation of the near field under the same circumstances 

as the earlier far-field study. 

Many authors have observed large scale orderly structures in the flow 

field of a jet. 

in excited jets and related it to the instability of the mean jet profile. 

Maestrello and Fung 

boundary of an unexcited jet. 

structure which peaks at roughly three diameters downstream of the nozzle 

and decays further downstream. Similar disturbances were observed by 

Crow and Champagne’ and Moore3 investigated this structure 

4 measured the fluctuating pressure just outside the 

They found a low frequency, axisymmetric 

6 Chan. Tam demonstrated analytically that an acoustic source 

instability waves in a supersonic jet. 

Vlasov and Ginevsky reported a large amplification in the 

velocity when they excited the jet by an acoustic disturbance. 

* 
Category: Jet Noise 

could excite 

fluctuating 

Their results 
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d id  no t  i n d i c a t e  whether t h e  r e s u l t a n t  increase was due t o  a l a r g e  scale 

s t r u c t u r e  o r  small scale t u r b u l e n t  f l u c t u a t i o n .  Zaman and Hussain e x c i t e d  

t h e  j e t  upstream of t h e  nozz le  and found a l a r g e  inc rease  i n  t h e  t i m e  

averaged Reynold's stresses. 

9 

8 

Michalke has  shown t h a t  i n s t a b i l i t y  waves of i n f i n i t e  e x t e n t ,  such 

as those  obta ined  by a p a r a l l e l  f low approximation can no t  genera te  sound. 

In a rea l i s t ic  j e t  s p a t i a l ,  i n s t a b i l i t y  waves grow exponent ia l ly  and then  

decay due t o  t h e  spread of t h e  j e t  and t h e  th ickening  of t h e  shear  l a y e r .  

In gene ra l  t h e  lower f requencies  peak f u r t h e r  downstream. 

i n s t a b i l i t y  waves i n  a f r e e  shear  l a y e r ,  by us ing  p a r a l l e l  flow theory  

toge the r  w i th  an a x i a l l y  vary ing  shape func t ion  which s a t i s f i e d  an energy 

propagat ion equat ion.  

a n a l y s i s  t o  demonstrate t h a t  i n s t a b i l i t y  waves i n  a spreading,  f r e e  shea r  

l a y e r  gene ra t e  f a r - f i e l d  sound. 

Liu" computed 

Tam and Morris" have r e c e n t l y  used a m u l t i p l e  scale 

Experimental  r e s u l t s  presented  by MeLaughlin, e t  a1.12 ind ica t ed  t h a t  

i n s t a b i l i t y  waves genera te  sound i n  low Reynold's number supersonic  j e t s .  

Numerical and experimental  r e s u l t s  presented  i n  r e fe rence  1 ind ica t ed  t h a t  

t h e  f a r - f i e l d  sound produced by an a x i a l  source was amplif ied when t h e  

source  w a s  placed i n  a j e t .  

f i c a t i o n  occurred a t  t h e  frequency which w a s  most uns tab le  a t  t h e  p o s i t i o n  

I t  w a s  f u r t h e r  shown t h a t  t h e  maximum ampli- 

of t h e  source.  This  s t r o n g l y  suggested 

sound genera t ion  by i n s t a b i l i t y  waves. 

measured an inc rease  i n  f a r - f i e l d  power 

of t h e  nozzle .  

t h a t  t h e  ampl i f i ca t ion  w a s  due t o  

Bechert  and Pf izenmaier13 a l s o  

when t h e  j e t  w a s  exc i t ed  upstream 

In  t h i s  paper t h e  genera t ion  of sound by i n s t a b i l i t y  waves w i l l  be 

e x p l i c i t l y  demonstrated by examination of nea r - f i e ld  data.  I n  a d d i t i o n ,  t he  

genera t ion  of l a r g e  s c a l e  s t r u c t u r e s  and t h e i r  temporal eva lua t ion  w i l l  be 



s tudied .  It w i l l  a l s o  be shown t h a t  many of t h e  q u a l i t a t i v e  f e a t u r e s  

observed exper imenta l ly  i n  t h e  flow f i e l d  and nea r - f i e ld  of both e x c i t e d  

and unexci ted je ts  can be descr ibed  by l i n e a r  i n s t a b i l i t y  theory.  

The r e s u l t s  w i l l  a l s o  demonstrate t h a t  t h e  s p e c i f i c  terms re spons ib l e  

f o r  d e s t a b i l i z i n g  t h e  flow are analagous t o  t h e  shea r  n o i s e  terms i d e n t i f i e d  

6 by Ribner 14’15 and o t h e r s  ( see  Doak ) based on t h e  gene ra l  source  term 

i n  t h e  L i g h t h i l l ”  analogy. 

h i l l  theory  t o  account f o r  propagat ion through a mean flow. Since t h e  

L i g h t h i l l  equa t ion  i s  i n  p r i n c i p a l  e x a c t ,  t h i s  r e q u i r e s  i d e n t i f y i n g  t h e  

propagat ion ope ra to r  ( i . e . ,  l e f t  hand s i d e )  and t h e  sources  ( r i g h t  hand 

s i d e )  which must n e c e s s a r i l y  be modelled. 

l e d  t o  a convec t ive  wave equat ion  which neglec ted  t h e s e  shear  n o i s e  terms. 

The subsequent formulat ion by L i l l y ”  l e d  t o  a t h i r d  o rde r  equat ion  which 

accounted f o r  a l l  f i r s t  o rde r  i n t e r a c t i o n s  between t h e  f l u c t u a t i n g  and mean 

f i e l d s .  Ribner14 pointed o u t  t h a t  t h e  s h i f t  of t h e  shear  terms from source  

terms t o  t h e  l e f t  hand s i d e  w a s  an e s s e n t i a l  s t e p  i n  ob ta in ing  L i l l e y ’ s  

equation. 

of t h e  low frequency p a r t  of t h e  s p e c t r a .  

Many au tho r s  have t r i e d  t o  modify t h e  Light- 

18 The formula t ion  of P h i l l i p s  

H e  f u r t h e r  showed t h a t  t h e  shea r  terms were an important component 

20 Computations wi th  L i l l y ’ s  equat ion  were performed by Tester and Morfrey. 

These computations were based on t h e  p a r a l l e l  flow approximation and were 

thus  unable t o  s imula te  t h e  gene ra t ion  of sound by i n s t a b i l i t y  waves. 

Schubert” and Maes t re l lo  and Liu22 computed wi th  a P h i l l i p ’ s  t ype  convec- 

t ive wave equat ion  i n  a spreading j e t  and were thus  unable t o  t r i g g e r  t h e  

i n s t a b i l i t y  of t h e  mean flow. The r e s u l t s  presented  here  e x h i b i t  t h e  shea r  

n o i s e  terms as those  which d e s t a b i l i z e  t h e  flow and thus gene ra t e  sound 

through t h e  a c t i o n  of t h e  l a r g e  scale s t r u c t u r e s .  
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In section 2 the governing equations are introduced and the numerical 

simulation is discussed. Further details can be found in reference 1. 

Section 3 contains the results and a discussion of their significance. 

11. Theory 

We consider the Euler equations in axisymmetric, cylindrical coordinates 

z and r linearized about mean profiles of the form (UO,VO,pO). Here Uo 

and Vo are the mean axial and radial velocity profiles of the jet and Po 

is the mean density which for simplicity is assumed constant. The mean pro- 

files were obtained experimentally by Maestrello. 23 This profile has a 

spread of about 11" from a virtual origin 2 . 5 7  diameters upstream of the 

nozzle exit. If the flow is also assumed to be homentropic the mean sound 

speed, co is also constant. The fluctuating pressure and velocities 

(p,u,v) are then the solution to the following system of equations 

2 
2 2 0 0 0  v p+vp c 

= m, (a) pt + (U0p + u ~ ~ c ~ ) ~  + (V0p + v P ~ c ~ ) ~  + r 

u + (U0u+e> + (VoU>r - uv + vu = 0, t O,r O,r Po 
(b 1 

v + (uov)z + (vov+-e, - vuo,, + uv = 0. t Po 0,z (c> 

The forcing term m corresponds to the time rate of change of an 

an axial source of mass/unit volume which is assumed to dominate the 

natural sources. This mass source is generally taken to be of the form 
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where f ( t )  i s  chosen t o  have the  pulse- l ike form 

f o r  p o s i t i v e  cons tan ts  a and b. These cons tan ts  are chosen so  t h a t  

t he  r e s u l t a n t  pu l se  has  a peak a t  around 1000 Hz. The 6 func t ion  i s  

approximated by a Gaussian. 

The lef t -hand s i d e  of (2.1)  includes a l l  of t h e  f i r s t  o rder  i n t e r -  

a c t i o n  terms between t h e  f l u c t u a t i n g  and mean f i e l d s  and i n  p a r t i c u l a r  

includes t h e  equat ions governing l i n e a r  s t a b i l i t y  theory.  I n  the  f a r -  

f i e l d  as Uo and Vo + 0 w e  can recover the  ord inary  wave equat ion 

governing t h e  propagation of acous t i c  r ad ia t ion .  

terms on t h e  left-hand s i d e  of (2 . lb ,c )  represent  t h e  i n t e r a c t i o n  of t h e  

f l u c t u a t i n g  f i e l d  with t h e  mean shear .  They a re  l a r g e  only i n  t h e  v i c i n i t y  

of t h e  j e t  shear  l a y e r ,  however i t  is  exac t ly  these  terms which i n i t i a t e  

t h e  i n s t a b i l i t y  of t h e  mean flow. 

The und i f f e ren t i a t ed  

Formulations w h i c h  do n o t  a l l o w  f o r  these terms can not c o r r e c t l y  

s imula te  t h e  near - f ie ld .  Resul t s  presented here  and i n  ref. 1, using 

numerical experiments whereby these  terms are simply switched o f f ,  demon- 

strate t h a t  these  shear  no i se  terms are a l s o  respons ib le  f o r  i nc reases  

i n  t h e  f a r - f i e l d  sound v i a  t h e  generat ion of sound from i n s t a b i l i t y  waves. 

The computational domain i s  a rec tangular  region i n  t h e  r , z  plane,  

with t h e  j e t  e x i t i n g  from a constant  area p i p e  upstream of t h e  source (see 

f i g u r e  1). The equat ions are solved by the  method of t i m e  s p l i t t i n g  us ing  

a fou r th  o rde r  d i s c r e t i z a t i o n  i n  space. 1y24 

a lgori thm are descr ibed i n  d e t a i l  i n  reference 1. 

type,  wi th  f o u r t h  accuracy i n  t h e  s p a t i a l  va r i ab le s .  

The d e t a i l s  of t h e  numerical  

The scheme i s  of MacCormack 

24 
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Boundary condi t ions a t  t h e  f a r - f i e l d  boundary must s imula te  

outgoing r ad ia t ion .  

Sommerfeld r a d i a t i o n  condi t ion  is  

The appropr ia te  time dependent vers ion  of t h e  

where u i s  the  r a d i a l  veloci ty . '  A t  the  upstream nozzle  boundary w e  

impose 

v = o  

p + u = o ,  

1 v a l i d  f o r  low frequency wave propagation down t h e  p i p e .  

The j e t  has  a nozzle diameter (D) of 5.08 cm.  The s imula t ions  were 

conducted a t  an e x i t  Mach number of 0.66, corresponding t o  a Reynolds 

number based on diameter of approximately 8 X 10 . 5 

111. R e s u l t s  and Discussion 

Resul t s  are obtained f o r  t h e  f l u c t u a t i n g  pressure  and f o r  t h e  veloci-  

t i e s  i n  both  the  broad and narrow band. Numerical r e s u l t s  are a l s o  obtained 

with t h e  shear  i n t e r a c t i o n  terms i n  (2.1) formally set t o  zero.  I n  re ference  

1 i t  w a s  found t h a t  without t hese  terms t h e r e  w a s  v i r t u a l l y  no f a r  f i e l d  

power ampl i f ica t ion  f o r  t h e  low frequencies .  

The mean flow Uo w i l l  have an i n f l e c t i o n  poin t  w i th in  t h e  shear  

l a y e r  of t h e  j e t .  A s  a consequence of t h i s  i n f l e c t i o n  poin t ,  Uo w i l l  be 

l i n e a r l y  unstable .  The i n s t a b i l i t y  w i l l  diminish with downstream d i s t ance  

as  t h e  region around t h e  i n f l e c t i o n  poin t  f l a t t e n s  out .  IR Figure 3 

w e  p l o t  6 = u /U as w e l l  as 36/3r as a func t ion  of r / D  a t  t he  o c  
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downstream s t a t i o n  z/D f 2.  The v e l o c i t y  Uc r e f e r s  t o  t h e  c e n t e r  l i n e  

ve loc i ty .  

f u r t h e r  downstream. 

- 
The reg ion  around t h e  i n f l e c t i o n  poin t  w i l l  become broader 

- J T  2 The r . m . s .  speed u + v  i s  shown i n  Figs.  3a and 3b as a func t ion  

of t h e  r a d i a l  d i s t a n c e  r / D ,  a t  two downstream loca t ions .  The f i g u r e s  

show t h e  r e s u l t s  wi th  and without  flow and wi th  and without  t h e  shea r  

i n t e r a c t i o n  terms. 

The r e s u l t s  with flow show a very  s t rong  ampl i f i ca t ion  i n  t h e  reg ion  

of t h e  i n f l e c t i o n  poin t .  The l a r g e  ampl i f i ca t ion  is  c o n s i s t e n t  wi th  t h e  

ampl i f i ca t ion  of t h e  f l u c t u a t i n g  v e l o c i t i e s  measured i n  r e fe rences  7 and 

23. The measurements i n  r e fe rence  7 were p r imar i ly  concerned with small 

scale turbulence,  a l though these  measurements must have included the  

l a r g e r  scale i n s t a b i l i t y  waves. 

The v e l o c i t y  ampl i f i ca t ion  e x h i b i t s  a narrow peak a t  z/D = 2 where 

t h e  shea r  l a y e r  i s  very  th in .  A t  z/D = 4.2 t h e  peak f l a t t e n s  ou t  towards 

t h e  j e t  c e n t e r l i n e  as t h e  shea r  l a y e r  thickens.  

s i m i l a r  t o  r . m . s .  v e l o c i t y  f l u c t u a t i o n s  observed experimental ly  i n  unex- 

c i t e d  je ts  (see  Fig.  4). 22 

turbulence it is  evident  t h a t  t h i s  behaviour is a consequence of t h e  

l a r g e  scale s t r u c t u r e .  

s t rong  peaks when t h e  d e s t a b i l i z i n g  shear  terms are omitted.  

This  behavior i s  very  

Since t h e  numerical  s imula t ion  does no t  i nc lude  

This i s  f u r t h e r  confirmed by t h e  absence of t h e s e  

W e  next  cons ider  t h e  time averaged Reynold's s t r e s s e s s  (uv) and 

aU *) (mul t ip l ied  by r )  induced by t h e  sound pulse .  extra v o r t i c i t y  

I n  Figs.  6a and 6b these  q u a n t i t i e s  are p l o t t e d  as func t ions  of r / D  f o r  

(z- aZ 

t h e  two downstream l o c a t i o n s  z/D = 2 and z/D = 4.2. The p l o t s  of t h e  

pulse-induced v o r t i c i t y  i n d i c a t e  t h e  presence of two v o r t i c a l  reg ions  of 

oppos i te  s ign  superimposed on t h e  mean flow v o r t i c i t y .  It can f u r t h e r  be 
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seen that the Reynold's stresses peak near the point of maximum shear 

and become slightly negative near the jet boundary and near the axis. 

These numerical plots are likewise typical of experimental results ob- 

tained for both excited and unexcited jets (see for example reference 8 ) .  

The area under the curves of Figs. 5a and 5b (and other curves of 

similar shape not shown) is nonzero (negative). This indicates that the 

integral of the time-average pulse-induced vorticity over the cross- 

section of the jet is nonzero for these stations. It seems a safe in- 

ference that the volume integral of this extra vorticity overthe first 

6 diameters at least is nonzero. Whether this would be cancelled by an 

integral of the remainder of the jet remains open. The possibility of . 

creation of extra vorticity by a sound pulse in a jet raises interesting 

theoretical questions. One mechanism of transient vorticity generation 

is vortex stretching/compression during passage of the pulse, but this 

would tend to yield a zero time average. 

To further exhibit the relationship between the inflow fluctuating 

field and spatial instability waves we consider the longitudinal fluc- 

tuating velocity in the frequency domain (6(z,r,f)). Instability waves 

based on linear spatial stability theory have the functional form 

where w = 2Tf, a ( z )  is the wave number computed from stability theory, 

f(r) is the corresponding eigenfunction and A ( z )  is a slowly varying 

amplitude (see reference lo). The jet profile is known to be unstable 

to axisymmetric low frequency disturbances; thus there always exist so lu-  

tions that grow along the axis (ai Z imag. part of 2 > 0 ) .  
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. 

The s o l u t i o n  can be represented  as a supe rpos i t i on  of t i m e  harmonic 

waves by Four i e r  t ransforming t h e  da t a .  

t h e  d is turbance  growth rate ai 

In Fig. 6 an approximation t o  

is obtained by f i t t i n g  t h e  func t iona l  

form (3.1) t o  t h e  d a t a  output  a long t h e  a x i s  r = 0 

rate is p l o t t e d  a t  d i f f e r e n t  downstream s t a t i o n s  as 

S t Z  - fz/Uj = 0.3, where 

occurs  a t  approximately S t Z  'L 0.3. I n  r e fe rence  1 

S t Z  'L 0.3 corresponds t o  t h e  peak ampl i f i ca t ion  of 

power. 

U is t h e  j e t  ve loc i ty .  
j 

(ai) .  The growth 

a func t ion  of 

The peak growth rate 

it  is shown t h a t  

t h e  f a r - f i e l d  a c o u s t i c  

The growth rates p l o t t e d  in Fig. 6 are q u a l i t a t i v e l y  similar t o  

those  obtained by Matt ingly and C h a x ~ g ~ ~  using a model p r o f i l e .  

ampl i f i ca t ion  rate peaks a t  roughly t h r e e  diameters  downstream and 

decrease  as z increases f u r t h e r .  Fur ther  downstream t h e  h e l i c a l  mode 

may be t h e  most uns tab le  mode.25 

c a l  s imula t ion  because of t h e  a x i a l  symmetry. 

The 

This  mode is no t  p re sen t  i n  t h e  numeri- 

We nex t  cons ider  the  nea r - f i e ld  f l u c t u a t i n g  pressure .  Since measure- 

ments of t h e  p re s su re  f l u c t u a t i o n s  can be most r e a d i l y  i n t e r p r e t e d  

when taken o u t s i d e  of t he  flow, we compute t h e  nea r - f i e ld  p re s su re  f luc-  

t u a t i o n s  ra t io  (power spectrum wi th  flow/power spectrum with no flow) 

j u s t  o u t s i d e  t h e  j e t  a t  z/D = 2 ,  4 .2 ,  and 6. The r e s u l t s ,  when p l o t t e d  

a g a i n s t  S t Z  

t h e  peak computed f o r  t h e  f a r - f i e l d  ampl i f i ca t ion  ( see  r e fe rence  1 ) .  

i n  Fig. 7 show a peak near  S t Z  = 0.4, which is  close t o  

In Figure  8 t he  experimental  counterpar t  is shown as a func t ion  of 

l o n g i t u d i n a l  S t rouhal  number S t Z  f o r  t h r e e  va lues  of StD = f D / U j .  It 

is  noted t h a t  t h e  peak pressure  occurs  a t  S t  % 0.6. In  re ference  4 t h i s  

s t r u c t u r e  is a t t r i b u t e d  t o  t h e  i n s t a b i l i t y  of t h e  j e t .  Experimental r e s u l t s  

with the  exc i t ed  j e t  repor ted  i n  re ference  1 show t h e  peak f a r - f i e l d  s p e c t r a l  

ampl i f i ca t ion  occurr ing  near  t h e  same St rouhal  number 

z 

S t Z  = 0.6. 
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To f u r t h e r  s tudy t h e  s t r u c t u r e  of t h e  nea r  f i e l d  and in-flow 

I 

f i e l d  f l u c t u a t i n g  pressure ,  w e  p re sen t  contour p l o t s  of p as a func- 

t i o n  of z/D and time t with r / D  f ixed .  Pressure  is normalized by 

t h e  d i s t a n c e  d ( r / D )  i n  o rde r  t o  s impl i fy  the  i n t e r p r e t a t i o n  2 + ( z / D > ~  

I n  Figs .  9a through 9f t h e s e  p l o t s  a r e  given f o r  r / D  = 0, .4, .86, 1.5,  

2.3, and 3.3. For comparison w e  p re sen t  i n  Fig.  10 a similar p l o t  wi th  

r / D  = 0 f o r  the  no flow case.  

The i n t e r e s t i n g  f e a t u r e  t o  observe i n  these  p l o t s  is  t h e  s p l i t t i n g  

The of t h e  o r i g i n a l  pu lse  i n t o  two pu l ses  i n  the  presence of t he  flow. 

f i r s t  pu l se  can c l e a r l y  be i d e n t i f i e d .  as t h e  a c o u s t i c  pu lse  since i t  

travels wi th  a v e l o c i t y  which tends t o  t h e  ambient sound speed 

(normalized t o  un i ty  i n  t h e  f i g u r e ) .  

due t o  convection e f f e c t s .  W e  n o t e  t h a t  t h e  pu l se  is reduced i n  amplitude 

co 

The a c t u a l  speed i s  s l i g h t l y  l a r g e r  

from t h e  no flow case (Fig. 10) and is  considerably broadened. This  is  

a r e f r a c t i o n  e f f e c t  and o u t s i d e  t h e  flow t h e  acous t i c  f i e l d  i s  s t rong ly  

ampl i f ied  f o r  t h e  reasons d iscussed  earlier.  

The second p u l s e  is much broader  and t r a v e l s  with a group v e l o c i t y  

p ropor t iona l  t o  t h e  l o c a l  mean flow U,. The p ropor t iona l i t y  constant i s  

about 0.7 which is c lose  t o  t h e  va lue  measured by Crow and Champagne. 2 

Afte r  i n i t i a l  growth t h e  pulse  decays wi th in  t h e  j e t  and w i l l  no t  reach 

t h e  f a r - f i e ld .  The pulse  i s  much g r e a t e r  than the  acous t i c  p u l s e  f o r  

r / D  near t h e  i n f l e c t i o n  po in t  and decays a t  a very f a s t  rate beyond. 

It i s  ev ident  from the  f i g u r e s  t h a t  t he  i n s t a b i l i t y  wave i s  i t s e l f  

s p l i t  i n t o  a leading  and a t r a i l i n g  pulse .  The i n i t i a l  s t a g e s  of  t h e  p u l s e  

formation are very complicated. However, by s tudying the  development of 

t h e  pulse  for d i f f e r e n t  source p o s i t i o n s ,  we have found t h e  t r a i l i n g  p a r t  

of t h i s  wave t o  be delayed when t h e  source is placed f u r t h e r  from the  

nozzle  exi t .  The leading  pulse  does no t  have such a lag .  This suggests  
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t h a t  t h e  t r a i l i n g  pu l se  i s  genera ted  by i n t e r a c t i o n  wi th  t h e  nozz le  whi le  

t h e  l ead ing  pu l se  i s  genera ted  by i n t e r a c t i o n  wi th  t h e  s h e a r  l a y e r  n e a r  

t h e  source.  

s t r u c t u r e  i n  a subsequent pub l i ca t ion .  

* 
The au tho r s  p l an  t o  examine t h e  d e t a f l s  of t h i s  l a r g e  scale 

A d i f f e r e n t  view of t h i s  l a r g e  s c a l e  s t r u c t u r e  can be seen  i n  f i g u r e s  

l l a , b ,  c where pe r spec t ive  p l o t s  of t h e  f l u c t u a t i n g  p r e s s u r e  are shown a t  

a f i x e d  time as a f u n c t i o n  of r/D and z/D. It is  c l e a r l y  seen  t h a t  t h e  

omission of t h e  s h e a r  terms prevents  t h e  formation of t h e  i n s t a b i l i t y  wave. 

Figure l l c  shows t h e  d i f f e r e n c e  between the  two s imula t ions .  Comparison 

between Fig. l l a  and l l b  c l e a r l y  i n d i c a t e s  t h e  a c o u s t i c  enhancement due t o  

t h e  i n s t a b i l i t y  wave. 

is  c l e a r l y  i n d i c a t e d  by t h e s e  r e s u l t s .  

The gene ra t ion  of sound by t h e  l a r g e  scale s t r u c t u r e  

IV. Conclusion 

The numerical  s imula t ion  p r e d i c t s  a l a r g e  a m p l i f i c a t i o n  of t h e  in-flow 

f l u c t u a t i n g  f i e l d  i n  an e x c i t e d  j e t .  A l a r g e  scale axisymmetric s t r u c t u r e  

i s  seen t o  be generated.  

f i e l d  a c o u s t i c  i n t e n s i t y .  Both phenomena occur p r i m a r i l y  i n  the low to 

medium frequency range and have been observed exper imenta l  ( s ee  r e f .  1 ) .  

There is clear evidence t h a t  t h i s  a m p l i f i c a t i o n  i s  due t o  t h e  t r i g g e r i n g  

of i n s t a b i l i t y  waves by t h e  pulse .  

This  is  accompanied by an i n c r e a s e  i n  t h e  f a r -  

On omit t ing  t h e  shea r  i n t e r a c t i o n  terms between t h e  f l u c t u a t i n g  

v e l o c i t i e s  and t h e  mean flow g r a d i e n t s ,  t h e  f a r - f i e l d  is g r e a t l y  reduced. 

Furthermore, t h e  f a r - f i e l d  d i r e c t i v i t y  p a t t e r n  becomes similar t o  t h e  

patterns obta ined  from an o rd ina ry  convect ive wave equat ion  which are 

a t t r i b u t e d  mainly t o  r e f r a c t i o n  e f f e c t s .  

This  phenomena w a s  suggested t o  t h e  au tho r s  by Prof. Chris topher  K. W. Tam. 
* 
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These flow g rad ien t  terms are i n  e f f e c t  t h e  shear  no ise  source terms 

i n  t h e  L i g h t h i l l  equation. 

l a r g e l y  respons ib le  f o r  low frequency sound r a d i a t i o n  i n  a j e t .  

r e s u l t s  i n d i c a t e  t h a t  t h i s  no i se  is generated by t h e  so-called l a r g e  scale 

s t r u c t u r e s .  

Ribner14 showed t h a t  t h e  shear no i se  t e r m  i s  

The 

The r e s u l t s  presented here  w e r e  obtained by so lv ing  a hyperbol ic  

i n i t i a l  va lue  boundary value problem. I n  r e f .  1 a family of boundary 

condi t ions  were introduced, which enabled t h e  f l u c t u a t i n g  f i e l d  t o  be 

computed i n  a computational domain which i s  loca l i zed  i n  t h e  v i c i n i t y  of 

t h e  flow. This  suggest t h a t  t h e  in-flow d a t a ,  computed i n  a r e l a t i v e l y  

small reg ion  nea r  t h e  flow can be input  i n t o  e x i s t i n g  t h e o r i e s  of aero- 

dynamic no i se  (e.g. r e f s .  1 7 ,  26) t o  compute t h e  sound generated by t h e  

l a r g e  scale s t r u c t u r e s .  
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